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Abstract: This study assessed the function of genes involved in wild strawberry (Fragaria vesca L.) fruit
development and maturation to better understand the mechanism of non-climacteric fruit ripening. SPATULA
(FvSPT) and SPIRAL (FvSPR) genes of Fragaria vesca displayed differential expression between the green
and red ripening stages. SPT, which encodes a bHLH transcription factor, was characterized in Arabidopsis
thaliana L. where its recessive mutation caused degenerative carpel and fruit development. The spt mutant
of A. thaliana had shorter, smaller, and wider spatula-shaped siliques than the wild type. SPT was expressed
throughout the development of marginal and transmission tract tissues, confirming its role in regulating the
growth of these tissues. Two A. thaliana SPIRAL genes, SPR1 and SPR2, are required for directional control
of cell elongation. Recessive mutations in either of these genes decreased anisotropic growth of endodermal
and cortical root cells and etiolated hypocotyls and caused right-handed helical growth in epidermal cells.
The strawberry SPATULA (FvSPT) and SPIRAL (FvSPR) genes were amplified and spt and spr mutant A.
thaliana plants were transformed with FvSPT::pGWB401, FvSPR1-1::pGWB401 and FvSPR1-2::pGWB401
vector constructs. Silique length and seed number/silique in the A. thaliana spt mutant were effectively com-
plemented by FvSPT whereas spr was almost fully complemented by FvSPR1-2, but not by FvSPR1-1.
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Introduction
Fruits are of two ripening types, climacteric,
such as in tomato, apple, or banana, or non-
climacteric, such as in wild strawberry (Fra-
garia vesca L.), grape, or orange. Climac-
teric ripening is accompanied by enhanced
ethylene production, but this phenomenon
cannot be observed in non-climacteric fruit
(Chen et al. 2018). However, this catego-
rization is not too stringent, and several
studies have reported the regulatory func-
tion of ethylene in controlling gene expres-
sion during non-climacteric maturation (Li
et al. 2016; Megías et al. 2016; Kou and
Wu 2018; Tadiello et al. 2018). Investigating
and assessing the genes involved in straw-
berry ripening can contribute to a better
understanding of the non-climacteric pro-
cess in this fruit crop. FaSPT (FaSPATULA;
GeneBank accession no. AY679615) is one
of the genes that displayed altered expres-
sion during strawberry ripening (Balogh et
al. 2005; Tisza et al. 2010).
Recessive mutations of the SPATULA (SPT)
gene in Arabidopsis thaliana L. (spt1 and
spt2) cause degenerative carpel development
and a transmission tract within the style and
septum is absent (Alvarez and Smyth 1999).
These phenomena are accompanied by in-
hibited growth and a decrease in the num-
ber of ovules. Anatomical gaps caused by
rips can mostly be observed in carpel tips
and the stigma. In spt mutants, the trans-
mission tract and style within the septum
bring about an extracellular matrix. Despite
this anatomical deformation, fertilization can
take place, but at a low frequency. Siliques
of spt mutants are smaller, broader in the
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center and terminus than wild type (WT)
siliques, and their shape is spatula-like (Al-
varez and Smyth 1998). The SPT gene en-
codes a basic-helix-loop-helix (bHLH) tran-
scription factor that is continuously ex-
pressed in the marginal tissues of develop-
ing carpels, where it is also likely respon-
sible for their further growth (Bowman and
Smyth 1999). Heisler et al. (2001) exam-
ined the transcription factors that influenced
SPT expression in A. thaliana and showed
that CRABS CLAW and AGAMOUS genes,
which contribute to carpel development (Al-
varez and Smyth 2002; Lee et al. 2005), did
not impact SPT expression, and that SPT
played a role in flower organogenesis. SPT is
a homologue of the phytochrome-interacting
factor (PIF) which regulates seed dormancy
(Josse et al. 2011). Groszmann et al. (2011)
found similarity between SPT and ALCA-
TRAZ (ALC) genes, claiming that both were
essential in flower and fruit development,
and that A. thaliana alc mutants could be
successfully complemented with 35S::SPT
vectors. Zumajo-Cardona et al. (2017) iso-
lated paleo, SPT and ALC genes from dif-
ferent plants and examined their gene ex-
pression and conserved regions, and also per-
formed phylogenetic analyses, noting that
these genes may play a role in early floral or-
gan development and specification in Bocco-
nia frutescens L. Makkena and Lamb (2013)
investigated the role of SPT in the regulation
of root meristem development in strawberry
where its expression increased as fruit ripen-
ing progressed, but decreased in response to
wounding, auxin and ethylene. In strawberry,
RNAi-based gene silencing of SPT retarded
fruit development (Tisza et al. 2010).
Members of the SPIRAL (SPR) gene family
encode small proteins that regulate the or-
ganization of microtubules by affecting cell
growth and elongation (Furutani et al. 2000;
Nakajima et al. 2004). Members of the SPR
gene family in A. thaliana are classified into
two main categories, spr1 and spr2, and five
subgroups of spr1, spr1-1 to spr1-5 (Naka-
jima et al. 2006). A. thaliana plants harbour-
ing a mutant SPR gene develop roots with
characteristic helical growth. Epidermal cell
rows of roots of spr mutants in A. thaliana
are twined resulting in left-handed helical
growth, and cortical cells of etiolated spr
hypocotyls showed microtubule arrays with
irregular orientations (Furutani et al. 2000).
The SPR2 gene codes for a protein that
binds to a plant-specific microtubule (Shoji
et al. 2004). Mutations in the SPR2 gene
may result in right-handed helical growth
in hypocotyls, petioles and petals (Furutani
et al. 2000; Buschmann et al. 2004). Us-
ing cDNA-AFLP, Balogh et al. (2005) iden-
tified the FaSPR gene (C11M32M003) from
cultivated strawberry (Fragaria ⇥ ananassa
Duch.). Polgári et al. (2010) analysed the
cDNA-AFLP fragment and the full-length
cDNA (AY695666) of FaSPR, showing over
60% homology at the nucleotide level with
two gene groups in A. thaliana and other
plants.
The complementation test is a very effi-
cient tool for functional genomic analysis.
In the plant kingdom, the model plant A.
thaliana, with its well-known genome, has
plenty of natural and induced mutants, which
are used to prove similar or analogous func-
tions of genes isolated from different organ-
isms (Groszmann et al. 2011).
Our aim was to functionally characterize the
Fragaria vesca SPATULA (FvSPT) and SPI-
RAL (FvSPR) genes. To achieve this, we car-
ried out a complementation analysis using
FvSPT (XM_004287975; LOC101290893),
FvSPR1-1 (XM_004297177; LOC01307108)
and FvSPR1-2 (XM_004299243; LOC10130
9836) constructs within the pGWB401 vec-
tor and transformed A. thaliana Columbia
mutants spt and spr. An understanding of
the functionality of FvSPT and FvSPR genes
would allow for their use in transgenic con-
structs for postharvest applications.
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Materials and Methods
After sowing seeds ex vitro in soil, they were
incubated at 4°C for 4 days, then placed in
the dark. After 4 days, they were put in a
22°C climate chamber (Binder KBWF 240,
Tuttlingen, Germany) and grown under an
8-h photoperiod at a photosynthetic photon
flux density (PPFD) of 37 µmol m 2 s 1
provided by Biolux tubes (Osram L58W,
Markham, Canada). When the first flowers
appeared (14-16 days after seedling emer-
gence; Smyth et al. 1990), they were cut.
Plantlets were then grown under a 16-h pho-
toperiod at a PPFD of 37 µmol m 2 s 1 and
at 22°C. Plant material was grown at Szent
István University.
FaSPT, FaSPR1-1 and FaSPR1-2 genes
(coding sequences), which were identified
with cDNA-AFLP (Balogh et al. 2005;
Tisza et al. 2010), together with their
promoters, were applied in the comple-
mentation tests. The homology was anal-
ysed with ClustalO (https://www.ebi.ac.
uk/Tools/msa/clustalo/) between FvSPR1-1
(XM_004297177; LOC01307108), FvSPR1-
2 (XM_004299243; LOC101309836),
AtSPR1-2 (BT024676), FvSPT (XM_00428
7975 and AY679615) and AtSPT
(BT026462). For primer design and in sil-
ico analysis of the promoter regions, we
used the “Fragaria vesca Whole Genome
v2.0a1 assembly & annotation” from GDR
(http://www.rosaceae.org). Genomic DNA
was isolated from 100 mg of fresh plant tis-
sue of in-house Fragaria vesca L. cv. Rügen
using NucleoSpin Plant II kit (Macherey-
Nagel, Düren, Germany) following the man-
ufacturer’s protocol. The SPT gene and its
promoter (6600 bp), as well as the SPR1-
1 and SPR1-2 genes and their promoters
(9647 bp and 2443 bp, respectively) were
amplified with the GoTaq Long PCR Master
Mix (Promega, Madison, WI, USA). A to-
tal of 100 ng of genomic DNA was used as
a template in a 50 µL PCR mix. The PCR
mixture consisted of 25 µL volume of Go-
Taq Long PCR Master Mix (2⇥), and 40
pmol of each primer. The PCR conditions
were 95°C for 2 min followed by 35 cycles
at 95°C for 30 s, 65°C for 7 min. Cycling
was followed by a final incubation at 72°C
for 10 min. PCR products were separated
by electrophoresis on 1.0% agarose gels in
1⇥ TAE buffer (Sambrook et al. 1989) and
were detected by fluorescence under UV
light (302 nm) after staining with 0.1% ethid-
ium bromide. A molecular marker of 1 Kb
Plus DNA Ladder (ThermoFisher Scientific,
Carlsbad, CA, USA) was used. The PCR
products were purified withWizard® SVGel
and the PCR Clean-Up System (Promega).
Purified PCR fragments were ligated into
a pDONR221 entry vector (Life Technolo-
gies, Carlsbad, CA, USA). The pGWB401
vector (Nakagawa et al. 2007; Tanaka et
al. 2011) was used to establish plant trans-
formation constructs containing full-length
genomic clones of FvSPT, FvSPR1-1 and
FvSPR1-2 genes (i.e., containing promoters
and coding sequences). A. thaliana spt and
spr mutants of Columbia (Col), purchased
from the Eurasian Arabidopsis Stock Centre
NASC (http://arabidopsis.info/), were grown
under an 8-h photoperiod at a PPFD of 37
µmol m 2 s 1 provided by Biolux tubes
(Osram L58W, Markham, Canada), and at
22°C in a climatic chamber (Binder KBWF
240, Tuttlingen, Germany). The spr1-2 Col
mutant (NASC ID: N6547) has defective
directional cell elongation, abnormal corti-
cal microtubule function and exhibits right-
handed helical growth in roots, which are
caused by the SPR1-2 allele (At1g69230;
GenBank: BT26462) mutation by sequence
tagged T-DNA insertion line. The spt Col
mutant (NASC ID: N857133) has a T-DNA
insertion in the SPT gene (At4g36930; Gen-
Bank: BT024676) on chromosome 4, posi-
tion 17414295 on TAIR10.
Genetic transformation of spr1-1/spr1-2 and
spt mutants was carried out when secondary
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Table 1. Primer names and sequences applied in RT-qPCR.
Primer name Position of primer Sequence (50 – 30) Amplicon length
FvSPR1 forward TGCAGATGGCTCAACTCAA 280 bpreverse ACCTGGGAAAGGGTGGAGTA
FvSPR2 forward TGTATGAATTACGTAACCAT 178 bpreverse TTCTCTTTCGACACTCGTC
FvSPT forward ACTATTTAAAATTAAAAGAA 197 bpreverse ATTAGGAAATCCACTCAGACA
FvGAPDH forward AGGTTGTGCTGGTAATGGAA 218 bpreverse ATTGCAGTGGTGGATACCTT
flowering (about 1 month after seedling
formation) started. In-house Agrobacterium
tumefaciens GV3101 strain was used for
floral dip transformation (Clough and Bent
1998), which was repeated when the ter-
tiary flowers appeared after 1-2 weeks. Seeds
were harvested after about 6 weeks then
sown in soil. Transformants were selected
by treating plants with kanamycin solu-
tion (Duchefa, Haarlem, The Netherlands)
(Xiang et al. 1999). Specifically, two-leaf
A. thaliana plantlets were sprayed con-
secutively with 100, 200 then 400 mg/mL
kanamycin for 3 days, 1 week and 2 weeks,
respectively after sowing seeds. Plants that
survived the third spray were analysed
by PCR with a Phire Plant Direct PCR
Kit (ThermoFisher Scientific, Carlsbad, CA,
USA). The PCR mixture consisted of 10 µL
of Phire Plant PCR Buffer (2⇥), 40 pmol
of each primer, 0.4 µL of Phire Hot Start
II DNA Polymerase and 0.5 µL of diluted
plant tissue. The PCR conditions were 98°C
for 5 min followed by 40 cycles at 98°C for
5 s, 60°C for 5 s and 72°C for 20 s. Cy-
cling was followed by a final incubation of
72°C for 1 min. PCR products were sepa-
rated by electrophoresis based on the same
protocol that was used for promoter PCR.
The PCR-positive T1 individuals were grown
in a climatic chamber until T4. The T3 and
T4 individuals were analysed with RT-qPCR
for quantification of the transgene expression
and determination of transgene copy number
(Fletcher et al. 2014). Vector construction
and genetic transformation were conducted
at Szent István University.
The T3 and T4 plants with one transgene
copy were examined; we observed and mea-
sured their habit, roots and siliques (three
biological and technical replicates), and the
number of seeds and siliques (three biologi-
cal and technical replicates) was determined
and compared to wild type (WT) and mutant
Col plants. Data was analysed statistically in
SPSS version 22 (SPSS Inc., IBM Corp., Ar-
monk, NY, USA). Following mean separa-
tion by ANOVA using Windows Microsoft
Excel (2017), statistical significance was de-
termined using Tukey’s multiple range test
(P<0.001). Statistical analyses were carried
out at the University of Debrecen, IAREF,
Research Institute of Nyíregyháza.
To prove the transcription of the FvSPT,
FvSPR1-1 and FvSPR1-2 genes, total RNA
was isolated from F. vesca (cv. Rügen)
and the transformant A. thaliana plants. To-
tal RNA was applied to RT-qPCR with
primers designed for the exon-exon junction
of FvSPT, FvSPR1-1 and FvSPR1-2, as well
as the GAPDH housekeeping gene (primer
sequences are listed in Table 1). We calcu-
lated the transformation efficiency based on
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the number of transformants/number of flo-
rets dipped in the transformation (floral dip)
solution.
Silique length of T3 and T4 progeny (80
siliques per generation, three biological
replicates) was measured and seeds were
counted under a SMZ-161-BL stereomicro-
scope (Motic; Hong Kong, China). RT-qPCR
and microscopic analyses were carried out
at the University of Debrecen, IAREF, Re-
search Institute of Nyíregyháza.
Results and Discussion
In this study, we isolated the F. vesca FvSPT,
FvSPR1-1 and FvSPR1-2 genes (Balogh
et al. 2005; Polgári et al. 2010), which
showed altered expression in the course of
fruit ripening, and introduced them into A.
thaliana spt and spr1-2 mutants with the
objective of trying to complement mutated
functions. Using in silico analysis for the
promoter regions and genes, we determined
the FvSPT, FvSPR1-1 and FvSPR1-2 genes
and their promoters based on homology with
the At1g69230 (Figure 1) and At4g36930
(Figure 2) genes in F. vesca genomic se-
quences (Shulaev et al. 2011) and GDR
data (http://www.rosaceae.org). Homol-
ogy was 84.03%, 69.45% and 74.24% be-
tween FvSPT (XM_004287975) and AtSPT
(At4g36930), FvSPR1-1 (XM_004297177)
and AtSPR1-2 (At1g69230), and FvSPR1-
2 (XM_004299243) and AtSPR1-2
(At1g69230), respectively. We amplified
the FvSPT (6600 bp), FvSPR1-1 (9647 bp)
and FvSPR1-2 (2443 bp) genes, includ-
ing their promoters. After constructing the
FvSPT::pGWB401, FvSPR1-1::pGWB401
and FvSPR1-2::pGWB401 vector constructs,
we confirmed, using colony PCR, that the
vectors carried the inserts. The A. thaliana
spt and spr mutants (60 plants/line) were
transformed with the vector constructs. In
germinated plants that survived three-step
kanamycin selection (3 days, one week
and two weeks after germination) with 100
mg/mL, 200 mg/mL and 400 mg/mL, respec-
tively, we confirmed that the plants carried
the FvSPT, FvSPR1-1 and FvSPR1-2 genes
by applying direct PCR with the specific
gene of interest using PCR primers for the
putative transformed plants and RT-qPCR.
Average transformation efficiency for the
three genes was 0.38% with only one trans-
formation at secondary flowering. When
redefining the transformation efficiency as
the number of transformants/number of
seeds set and we used two transforma-
tion processes (when secondary and ter-
tiary flowers appeared), then transformation
efficiency was much higher (7.6%). After
these plants developed until 6 weeks, it was
possible to compare the phenotype of the
WT Col silique (Figure 3A), the FvSPT-
complemented plants (Figure 3B), and the
spt mutant (Figure 3C).
The spt mutant plants were significantly
shorter (Figure 4C) and had shorter siliques
(Figure 5) than WT (Figure 4A). The suc-
cessfully complemented FvSPT transfor-
mant was significantly taller than the spt mu-
tant (Figure 4D), while its non-malformed
silique resembled that of WT (Figure 3),
demonstrating that the FvSPT gene was able
to effectively compensate for the missing
silique-related function of spt.
When silique length (from an average of 12
siliques/plant) of 80 plants of WT, spt and
spr mutants and complemented Col mutants
were compared, the sptmutant displayed sig-
nificantly shortest silique length (3.8 mm),
while WT as well as the FvSPT/FvSPR1-
1/FvSPR1-2-complemented plants had sig-
nificantly longer siliques (12.8-13.3 mm).
Relative to the spr mutant, silique length was
significantly increased only in the FvSPR1-
1-complemented plants (Figure 5).
The spt mutant produced fewest
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Figure 1. Homology between FvSPR1-1 (XM_004297177), FvSPR (AY695666), AtSPR1-2
(BT024676) and FvSPR1-2 (XM_004299243).
Figure 2. Homology between FvSPT (XM_004287975), FvSPT cDNA (AY679615) and
AtSPT (BT026462).
seeds/silique (7.7), while WT Col produced
the most (47.7) (Figure 6). The spr mu-
tant, which had significantly shorter siliques
than the WT (Figure 5), also developed
significantly fewer seeds (37.5) than WT
(47.7). The number of seeds in FvSPT-
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Figure 3. Siliques of Arabidopsis thaliana Columbia wild type (A); FvSPT-complemented
Columbia spt mutant (B) and Columbia spt mutant (C) from 6-week-old plants.
Figure 4. Habit of 8-week-old plants of Arabidopsis thaliana Columbia wild type (A), spiral
mutant, spr (B), spatula mutant, spt (C) and FvSPT1-2-complemented (D).
complemented siliques was, as expected,
significantly higher than the spt mutant, but
significantly lower than the WT control (Fig-
ure 6). Similarly, the number of seeds in
FvSPR1-1- and FvSPR1-2-complemented
siliques was, also as expected, significantly
higher than the spr mutant, but signifi-
cantly lower than the WT control (Figure
6). The FvSPR complementation was not
as pronounced as the FvSPT complementa-
tion, but the trait (number of seeds/silique)
was still complemented, nonetheless. De-
spite these differences, FvSPT-, FvSPR1-
1- and FvSPR1-2-complemented genotypes
displayed the same phenotype as the WT
control. As one example, see the comparison
between WT and FvSPT1-2-complemented
plants in Figure 4.
A contrast of the phenotypes of FvSPR1-1-
and FvSPR1-2-complemented, WT and spr
mutant plants can be seen in Figure 7 and
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Figure 5. Average length of silique (mm). Col WT: Columbia wild type; spt mutant: spatula
mutant Col; spr mutant: spiral mutant Col; FvSPT: SPATULA gene of strawberry (Fra-
garia vesca L.) complemented A. thaliana Col; FvSPR1-1: SPIRAL1-1 gene of straw-
berry complemented A. thaliana Col; FvSPR1-2: SPIRAL1-2 gene of strawberry com-
plemented A. thaliana Col. Different letters within blue bars indicate significant differ-
ences with Col WT based on one-way ANOVA (Tukey’s multiple range test; P<0.001);
80 plants/experiment/line and three biological replicates.
Figure 8. The spr mutation could only be re-
stored by FvSPR1-2 (Figure 7). In the case of
FvSPR1-1 plants, similar helical roots devel-
oped as in the spr mutants. There are three
recessive A. thaliana spr mutants, spr1-1,
spr1-2 and spr1-3 (Nakajima et al. 2006). We
used the spr1-2 mutant in our experiment,
so this could theoretically only be comple-
mented by FvSPR1-2, and not by FvSPR1-1
(FvSPR1-1-complemented plants continued
to have helical roots, i.e., the mutant phe-
notype was not corrected), indicating that
FvSPR1-1 does not have the same function.
To show the expression of FvSPT, FvSPR1-
1 and FvSPR1-2 genes, we isolated to-
tal RNA from the transformants and con-
firmed the transcription of these genes
by RT-qPCR. The primers designed for
exon-exon junctions amplified 146 bp and
265 bp on the cDNA and gDNA, respec-
tively. The A. thaliana GAPDH gene was
used as the reference, generating a 130 bp
fragment. RT-qPCR results prove that the
FvSPT::pGWB401, FvSPR1-1::pGWB401
and FvSPR1-2::pGWB401 constructs func-
tioned in the AtSPT-complemented A.
thaliana plants.
Our experimental results attested that FaSPT
and FaSPR genes isolated from octoploid F.
⇥ ananassa by cDNA-AFLP (Balogh et al.
2005), show sequence similarity not only to
A. thaliana AtSPT, AtSPR1-1 and AtSPR1-2,
but also as well as with diploid strawberry
(F. vesca) FvSPT, FvSPR1-1 and FvSPR1-
2, but they also have the ability to comple-
ment the A. thaliana mutant phenotype (spt
and spr1-2 mutant Columbia). Similarly to
the result of Heisler et al. (2001), in which
the WT AtSPT2 allele complemented the At-
spt2 mutation, FvSPT had the same effect,
confirming the same functional ability of this
strawberry-derived gene. The literature indi-
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Figure 6. Average number of seeds/silique. Col WT: Columbia wild type; spt mutant: spat-
ula mutant Col; spr mutant: spiral mutant Col; FvSPT: SPATULA gene of Fragaria vesca
complemented A. thaliana Col; FvSPR1-1: SPIRAL1-1 gene of F. vesca complemented A.
thaliana Col; FvSPR1-2: SPIRAL1-2 gene of F. vesca complemented A. thaliana Col. Dif-
ferent letters within blue bars indicate significant differences with Col WT based on one-
way ANOVA (Tukey’s multiple range test; P<0.001); 80 plants/experiment/line and three
biological replicates.
Figure 7. Roots of FvSPR1-2 complemented Arabidopsis thaliana Columbia (A), Columbia
wild type (B) and spiralmutant (spr) of A. thaliana Columbia (C) plants after 1 week (Scale
bar: 5 mm).
cates that mutant SPR1-1, SPR1-2 and SPR1-
3 genes cause the same abnormal root mal-
formation symptoms in A. thaliana (Furutani
et al. 2000). We showed, however, that only
FvSPR1-2 was able to restore the dysfunc-
tional spr1-2.
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Figure 8. Roots of spiralmutant of Arabidopsis thaliana Columbia (A), Columbia wild type
(B) and FvSPR1-2-complemented Columbia (C) plants after 2 weeks (Scale bar: 5 mm).
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